ABSTRACT The extent to which encapsulation of eggs of Bathyplectes curculionis (Thomson) reduces the effectiveness of this parasitoid as a control agent for the alfalfa weevil, Hypera postica (Gyllenhal), was evaluated in two studies over the period from 1973 to 2000. Collections of alfalfa weevil larvae were made annually from research areas in Grady and Payne Counties (Study I) and in statewide surveys (Study II) across Oklahoma to estimate the prevalence of encapsulation of eggs of both Þrst and second generations of B. curculionis. Subsamples of 100 weevil larvae were dissected for each sampling date to determine the numbers and condition (healthy versus encapsulated) of parasitoids in each host larva. Probabilities for encapsulation of solitary eggs ranged from 0.20 to 0.29 for the Þrst generation and from 0.07 to 0.08 for the second generation of B. curculionis. Although probabilities for encapsulation of at least one egg in superparasitized larvae ranged from 0.48 to 0.55 for the Þrst generation, the probabilities of supernumerary eggs being encapsulated were much lower, ranging from 0.03 to 0.19. Regression analyses indicated highly signiÞcant relationships between effective (hosts containing healthy parasitoids) and actual (all hosts containing parasitoids) parasitism for both studies across all values (1Ð100%) for actual parasitism. Regression of efÞciency of encapsulation (percentage of reduction in effective parasitism caused by encapsulation) on years indicates that the value of encapsulation as a defense for H. postica against B. curculionis may have diminished over the 28 yr that these studies were conducted. The reduction in efÞciency of encapsulation does not appear to have resulted from greater prevalence of superparasitism, as the occurrence of supernumerary parasitoids in larvae of H. postica also decreased during these studies.
AFTER THE REPORT BY Titus (1910) on the discovery of the alfalfa weevil, Hypera postica (Gyllenhal), in the western United States, a biological control program was begun in 1911 involving importation of the parasitoid Bathyplectes curculionis (Thomson) from Europe for release in Utah (Chamberlin 1926) . The parasitoid spread from initial release sites in Utah into other states of the western United States that were colonized by the alfalfa weevil and was reported to have parasitized up to 100% of weevil larvae in coastal areas of California from 1933 to 1938 (Michelbacher 1940) . Numerous releases of B. curculionis were subsequently made in the eastern United States for control of a rapidly spreading infestation of H. postica that was Þrst discovered in Maryland during 1951 (Dysart and Day 1976) . Subsequent studies conÞrmed the existence of two strains (western and eastern) of H. postica (Blickenstaff 1965 , White et al. 1972 ), a factor that has important implications for the effectiveness of B. curculionis as a control agent because of differential expression of a defensive reaction involving encapsulation of eggs of the parasite by hemocytes of larvae of the weevil. The encapsulation phenomenon is relatively uncommon in the western strain, while larvae of the eastern strain of H. postica often encapsulate 50% or more of the parasitoid eggs (van den Bosch 1964 , Puttler 1967 , Maund and Hsiao 1991 .
Both eastern and western strains of the alfalfa weevil migrated into Oklahoma beginning Ϸ1969, and survey records indicate that the two strains intermingled in the northwestern region of the state in 1973 (Berberet and Gibson 1976) . Occurrence of B. curculionis was conÞrmed in several counties of western and eastern Oklahoma in 1972, and most areas of the state were occupied by the parasitoid by 1974 (Berberet and Gibson 1976) . Dissections of larvae from the extreme western (Panhandle) region of Oklahoma during 1973 revealed a low incidence of encapsulation that is typical of the western strain of H. postica. By comparison, up to 50% of eggs were encapsulated by weevils collected elsewhere in Oklahoma during 1973 (Berberet and Gibson 1976) . Dissections of larvae collected from 35 counties, in-cluding those in the Panhandle, revealed in 1974 Ð75 that encapsulation was common throughout Oklahoma and resulted in destruction of 11Ð 66% of eggs of B. curculionis. These Þndings suggest that the eastern strain of H. postica has perhaps been the predominant strain throughout Oklahoma since 1974 (Berberet and Gibson 1976) . However, the inßuence of the intermingling of the two strains of H. postica in Oklahoma or other areas of the central United States on the long-term prevalence of encapsulation of B. curculionis by alfalfa weevil larvae has not been described.
Embryos within fully encapsulated eggs of B. curculionis invariably die, apparently because of interference by the hemocyte capsule with respiration and nutrition (van den Bosch 1964 . Results of Þeld studies reported by Berberet et al. (1987) showed that the encapsulation reaction exhibited by the eastern strain of H. postica facilitated the survival of Ͼ20% of weevil larvae that were parasitized by B. curculionis. When encapsulation occurs in cases of solitary parasitism, the absence of additional, healthy parasitoids within hosts means that larvae of H. postica survive the attack by B. curculionis and, depending on the prevalence of other mortality agents, may have greatly increased chances of becoming adults and producing offspring. However, the overall inßuence of encapsulation on efÞcacy of the parasitoid for biological control depends to some extent on the prevalence of superparasitism. Larvae of H. postica are usually unable to encapsulate supernumerary parasitoids. Thus, even in larvae that exhibit the encapsulation trait, superparasitism typically results in survival of at least one parasitoid, which leads to mortality of the host (Puttler 1967 , Berberet et al. 1987 .
The goal of research reported in this publication was to evaluate the extent to which encapsulation reduces efÞcacy of B. curculionis as a biological control agent for the alfalfa weevil in the Southern Great Plains. The objectives outlined to accomplish this goal were: 1) to compare levels of actual (all hosts containing parasitoids) and effective parasitism (hosts containing healthy parasitoids) of alfalfa weevil larvae by B. curculionis for the period from 1973 to 2000 and determine the extent to which efÞcacy of the parasitoid as a biological control agent is reduced by encapsulation; 2) to determine probabilities for encapsulation of solitary versus supernumerary eggs of B. curculionis within alfalfa weevil larvae; 3) to determine whether there is an overall trend for either increasing or decreasing effects of encapsulation on efÞcacy of the parasitoid over the period that B. curculionis and H. postica have interacted in Oklahoma.
Materials and Methods
Two studies were conducted to address the objectives stated for this research. The Þrst of these studies (Study I) was conducted from 1975 to 2000 on research stations maintained by the Oklahoma Agricultural Experiment Station in Grady and Payne Counties, which are located in southern and northern Oklahoma, respectively. Sampling was conducted in alfalfa stands (1Ð3 ha) beginning in the second year after planting. Chemical insecticides were not applied on these stands, so relatively rapid decline resulted from moderate to severe damage caused annually by larvae of H. postica. Terbacil 80 WP (wettable powder) herbicide (DuPont, Wilmington, DE) was applied (0.5Ð 0.75 kg [AI]/ha) during February or March before spring growth of alfalfa began for weed control as stands declined. When stand density declined below 12Ð15 stems per 0.1 m 2 (typically about the sixth year), sampling operations were moved to another stand in the second year after planting. New stands were planted within 1 km of stands currently being used for sampling. New stands were always in close proximity to other alfalfa Þelds, and delaying until the second year to begin sampling allowed time for alfalfa weevils and parasitoids to become established. Over the course of this study, several stands were used on research stations in each of the two counties.
Sampling was conducted each year based on temporal occurrence of H. postica larvae. Oviposition by H. postica typically begins in November in the Southern Great Plains, soon after adults begin to return to alfalfa Þelds from noncultivated areas where dense vegetation provides cover for aestivation (Stark et al. 1994) . Onset of hatching occurs from January to early March, depending upon temperature conditions during winter. The Þrst crop of alfalfa is often heavily infested by weevil larvae when foliar growth is Ͻ5Ð10 cm. The peak in larval numbers occurs from midMarch to late April, depending on latitude and temperature conditions from year to year. Normally, onset of hatching and peak larval populations of H. postica occur 1Ð3 wk earlier in southern (Grady County) versus northern (Payne County) Oklahoma (Berberet el al. 1980) . Through natural dispersal, B. curculionis became established in the counties in which research areas were located before Study I began in 1975 (Berberet and Gibson 1976) . During growth of the Þrst crop of alfalfa each year, starting within 1Ð2 wk of the Þrst evidence of feeding by weevil larvae in plant terminals (usually in March) and continuing until Þrst harvest in late April or May, weevil larvae were collected to determine prevalence of parasitism and incidence of encapsulation of B. curculionis eggs. Sampling intervals ranged from 7 to 10 d during March when temperatures were relatively cool, and were shortened to 3Ð7 d in April and May. There was a total of 8 Ð12 sampling dates in each county during each year. On the earliest sampling dates when alfalfa was typically too short for sweeping and H. postica larvae were predominantly Þrst and second instars, 200 infested alfalfa terminals were collected from crowns by hand at random over the experimental area. These were placed in pasteboard cartons and transported to the laboratory, where larvae were extracted by hand. This process typically resulted in retrieval of 200 Ð300 weevils. After plants had grown tall enough for sweeping, samples of 300 Ð500 larvae were collected at random over the experimental area with a sweepnet (37.5 cm diameter) and placed in paper bags with alfalfa foliage for transport to the laboratory. Numbers of sweeps required to collect these larvae varied from 30 at peak population densities for the alfalfa weevil to 200 when populations had declined and were comprised primarily of third and fourth instars.
A subsample of 100 weevils was taken from each Þeld sample for dissection under a stereomicroscope to estimate the percentages parasitized. Data recorded included numbers, life stages (egg and larva), and condition (healthy versus encapsulated) of parasitoids within each weevil host. Encapsulated parasitoids are easily identiÞed as those surrounded by hemocytes of the host. The remaining weevil larvae (100 Ð 400) collected on each date were reared in paper bags with fresh alfalfa foliage added daily until all had pupated. The contents of each bag were then examined to identify parasitoid cocoons and determine the proportions of B. curculionis and B. anurus (Thomson) present.
Although the research areas used in Study I were not the same as those in which releases were made in 1972 to establish B. anurus in Oklahoma (Berberet et al. 1978) , these areas were usually within 1Ð2 km of Þelds where establishment of this species had been conÞrmed. It was important to limit the use of data from samples that contained weevils parasitized by B. anurus because the presence of this species could compromise our stated goal of determining the extent to which encapsulation limits the efÞcacy of B. curculionis as a biocontrol agent for two reasons. First, there is no practical means for distinguishing immature stages of the two species in dissections and, second, eggs of B. anurus are not known to be encapsulated by larvae of H. postica (Puttler 1967, Maund and Hsiao 1991) . Consequently, if samples of H. postica larvae were dissected after exposure to both parasitoid species, it would be impossible to determine whether healthy eggs were those of B. anurus or eggs of B. curculionis that had escaped being encapsulated.
Because parasitism by B. anurus occurs primarily during the period of transition between Þrst and second generations of B. curculionis (Berberet and Bisges 1998) , it was possible to use data from samples collected either before the onset or after the decline of parasitism by B. anurus to determine the prevalence of encapsulation of eggs of B. curculionis for analyses reported in this publication. Information derived from samples of larvae of H. postica that were reared was used to determine the incidence of B. anurus on each of the 8 Ð12 sampling dates annually. With this information, two sampling dates near the peak in prevalence for each of the two generations of B. curculionis were selected for our analyses of parasitism by this species and prevalence of encapsulation in Grady and Payne Counties, respectively. Potential effects of parasitism by B. anurus on our results were minimized by selection of these dates. Over the 26 yr of this study in two counties, there was a total of 12 instances in which just one sampling date could be selected for either Þrst or second generation of B. curculionis, having minimal parasitism by B. anurus. Based on data for rearing of weevil larvae across all years at both locations, the means for percentage of parasitism of H. postica by B. anurus on sampling dates used for analyses reported in this study were 0.4 and 0.5% for Þrst and second generations of B. curculionis, respectively.
For our second study (Study II), statewide surveys were conducted in Oklahoma from 1973 to 1992 to provide a broader view of the prevalence of parasitism by B. curculionis and the proportion of the parasitoids encapsulated. Data obtained from these surveys were compared with those from Study I (Grady and Payne Counties). The two sources of data facilitated comparisons of prevalence of parasitism by B. curculionis and extent of encapsulation under conditions without insecticide applications in Study I with data from surveys of farmersÕ Þelds that were usually sprayed each year for control of H. postica (Study II). Surveys were conducted twice annually to correspond with peak prevalence of parasitism by Þrst and second generations of B. curculionis as determined by the more intensive sampling for Study I in Grady and Payne Counties. Typically, the peak in parasitism for each generation of B. curculionis was determined through sampling to be 1Ð3 wk earlier in Grady County than in Payne County. There was a similar time differential for surveys in southern and northern Oklahoma conducted for Study II. For each survey, we attempted to sample one alfalfa production Þeld in each of 35 counties across the state from 1973 to 1978. Because of limitations in resources, the numbers of counties included in each survey were reduced to 30 (1979 Ð 1980), 20 (1981Ð1991), and Þnally 12 (1992) .
Often, the same Þelds were not sampled year after year because stands had been terminated or numbers of H. postica larvae were low (Ͻ1 per sweep) because of recent applications of insecticides. Whenever it was evident that a Þeld had been sprayed recently (presence of freshly killed weevils or wheel tracks in Þeld), sampling was not conducted at that location. Except for infrequent occasions when only 100 larvae could be collected, it was possible to Þnd Þelds infested with sufÞciently high numbers of H. postica that 300 Ð500 larvae could easily be gathered by use of sweepnets, then placed in paper bags with alfalfa foliage for transport to the laboratory. As was done in Study I, a subsample of 100 larvae from each Þeld was dissected to determine the numbers, life stages (egg and larva), and condition (healthy versus encapsulated) of parasitoids within each host larva. The remaining weevils were reared in paper bags with addition of fresh alfalfa foliage daily until all insects had pupated, and contents of bags were examined to verify that B. anurus was not present.
Data from dissections were used to calculate percentages for actual (all parasitized hosts) and effective parasitism (all hosts with healthy parasitoids) for each sampling location and date in both studies. To address the Þrst of our objectives, means for actual and effective parasitism were calculated using all data for each generation of B. curculionis during each year. The general linear models procedure (SAS Institute 1989) was used to regress estimates for percentage of effec-tive parasitism on those for actual parasitism for each generation over the years from 1975 to 2000 for Study I. These regressions were used to assess the consistency in the relationship of these variables across a wide range of values from 1 to Ͼ90% parasitism and over the years of these studies. Statistical comparisons (t-tests) revealed no signiÞcant differences in slopes or intercepts for linear regressions calculated for Payne and Grady Counties (Study I). Thus, one regression was formed to describe the relationship of effective versus actual parasitism for each generation using combined data from both counties. For Study II, a single regression of percentage of effective parasitism on actual parasitism was formed to describe the relationship of these parameters for each generation of B. curculionis using data for the years from 1973 to 1992. Slopes for regressions formed for Þrst and second generations of B. curculionis within Studies I and II, respectively, were compared using t-tests to determine signiÞcant differences between generations. Also, t-tests were conducted to determine signiÞcant differences in slopes for Þrst and second generations, respectively, between Studies I and II.
To address our second objective, the inßuence of superparasitism on the numbers of eggs encapsulated within individual host larvae was determined for Þrst and second generations. Data were combined for all sampling dates and years for each generation in separate analyses for each study. Data for parasitized larvae of H. postica were placed in three groups having 1, 2, and Ͼ2 parasitoids per host, respectively. For each group, probabilities for encapsulation of none, 1, and, where appropriate, 2, or Ͼ2 parasitoids per host were calculated (SAS Institute 1989). Also calculated were the probabilities for effective parasitism (hosts with healthy parasitoids) given the presence of 1, 2, or Ͼ2 parasitoids per host. Results of these analyses were used to assess whether superparasitism of H. postica provides an advantage over solitary parasitism for B. curculionis by overcoming effects of encapsulation and increasing the percentage of weevil hosts in which parasitoids actually survive to emergence.
To address our third objective, estimates for efÞ-ciency of encapsulation (percentage of reduction in effective parasitism caused by encapsulation) were regressed on years in separate analyses for each generation in the two studies to assess long-term trends. For these regressions, the efÞciency of encapsulation was calculated in each study for each generation/year, as follows: efÞciency of encapsulation ϭ (percentage of actual parasitism Ϫ percentage of effective parasitism) Ϭ percentage of actual parasitism ϫ 100. If slopes are signiÞcantly greater than zero, increasing efÞciency of encapsulation over the years of this study is indicated, leading to greater reductions in effective parasitism. If slopes are signiÞcantly less than zero, reduced efÞciency of encapsulation over time is indicated, with greater survival of B. curculionis in weevil larvae. Slopes for regressions calculated for Þrst and second generations, respectively, in the two studies were compared using t-tests to determine signiÞcant differences.
Because the proportion of hosts that are superparasitized may inßuence the efÞciency of encapsulation as a defense against parasitism, regressions were calculated for the prevalence of superparasitism on years in separate analyses for each generation of B. curculionis in the two studies. If slopes for these regressions are signiÞcantly greater than zero, there is an indication of greater prevalence of superparasitism over time. Slopes that are signiÞcantly less than zero indicate reduced superparasitism. Slopes for regressions calculated for Þrst and second generations, respectively, in the two studies were compared using t-tests to determine signiÞcant differences. Although these regression analyses are not used to establish deÞnitive relationships between prevalence of superparasitism and the efÞciency of encapsulation over time, they may provide evidence to suggest whether these variables are acting in concert to produce observable trends in the efÞciency of encapsulation. For example, increased prevalence of superparasitism may be associated with reduced efÞciency of encapsulation, because the encapsulating capacity of H. postica larvae may be overcome by the presence of supernumerary parasitoids.
Results
The total numbers of H. postica larvae included in analyses for this publication are 19,600 for Study I and 96,000 for Study II. Overall means for actual and effective parasitism of H. postica larvae by Þrst and second generations of B. curculionis in both studies are given in Table 1 . Regression analyses indicate highly signiÞcant (P Ͻ 0.01) linear relationships between actual and effective parasitism for both generations of B. curculionis in both studies (Table 2 ; Fig. 1 ). Slopes for these regressions indicate a relatively small effect of encapsulation in reducing mortality of H. postica caused by the Þrst generation of B. curculionis with 85% (Study I) and 89% (Study II) of parasitized larvae being killed. Regression analyses for the second generation show that encapsulation had virtually no effect in reducing host mortality, as slopes for these regressions are 0.99 (Study I) and 1.0 (Study II), indicating that nearly 100% of parasitized H. postica were killed (Table 2) . By comparison, overall means show differences of 3Ð 4% between actual and effective parasitism for the second generation of B. curculionis (Table 1) . For both studies, the probabilities for encapsulation of eggs are much higher for the Þrst generation than for the second generation of the parasitoid (Table 3) . The highest probabilities exist for encapsulation of one egg per host larva, regardless of whether solitary parasitism or superparasitism has occurred. The probabilities for encapsulation of one egg per host when two are present are somewhat higher than those calculated for solitary parasitism for both the Þrst and second generations of B. curculionis, respectively. The probabilities for encapsulation of a second egg are much lower than those for the Þrst egg, irrespective of the total number of eggs per host. Probabilities for encapsulation of Ͼ2 eggs (if three or more are present) are quite low, ranging from 0.01 to 0.03 (Table 3 ). In the event of solitary parasitism, probabilities for effective parasitism are the same as probabilities that no parasitoids are encapsulated. If a larva of H. postica encapsulates a single parasitoid egg present, it survives the attack of the parasitoid. When there are two parasitoids per host, probabilities for effective parasitism increase in relation to those for solitary parasitism (Table 4) . Even if encapsulation does occur, there is usually a healthy parasitoid remaining that kills the host larva. The probability for effective parasitism is quite high (slopes range from 0.98 to 1.0) when there are Ͼ2 parasitoids per host (Table 4) . Survival of H. postica that contain Ͼ1 supernumerary parasitoid is quite rare. In general, probabilities for effective parasitism are higher for the second generation than for the Þrst generation of B. curculionis (Table 4) .
The regression calculated for efÞciency of encapsulation (the percentage of reduction in effective parasitism caused by encapsulation) on years is highly signiÞcant (P Ͻ 0.01) (r 2 ϭ 0.36) for the Þrst generation in Study I, while the corresponding regression for Study II is marginally signiÞcant (P ϭ 0.06) ( Table 5 ). Slopes for the regressions for Þrst generation in the two studies are not signiÞcantly different (P Ͼ 0.05), indicating similarity in trends over time. Although the numerical values for the slopes calculated for these regressions are quite small, the consistent negative values suggest that the efÞciency of encapsulation by H. postica has tended to decline during the years of this study, at least as a defense against the Þrst generation of B. curculionis. However, regressions formed for efÞciency of encapsulation on years for the second generation of B. curculionis are not signiÞcant for either of the two studies (Table 5) .
Slopes for all regressions calculated for prevalence of superparasitism on years are negative for both studies; however, only the regressions calculated for Þrst generation in Study II (r 2 ϭ 0.20) and second generation in Study I (r 2 ϭ 0.24) are signiÞcant (P Ͻ 0.05) ( Table 6 ). Although regressions for both generations are not signiÞcant in either study, the suggested trend is for a reduced prevalence of superparasitism over the years of these studies. Comparison of slopes for regressions calculated for Þrst and second generations, respectively, shows that there are no signiÞcant differences (P Ͼ 0.05) in these values between the two studies.
Discussion
As indicated in earlier reports by Berberet and Gibson (1976) and Berberet et al. (1978) , which were based in part on data that have been included in analyses for this publication, the percentages of H. postica larvae parasitized by the second generation are much higher than by the Þrst generation of B. curculionis in both Grady and Payne Counties (Study I) and statewide surveys (Study II). However, these higher percentages do not mean that actual numbers of weevils parasitized by the second generation of B. curculionis are greater. The higher percentages are observed primarily because the second generation of B. curculionis emerges and parasitizes weevil larvae during the period when numbers of available hosts are generally declining quite rapidly because of pupation. In some years, additional declines in numbers of H. postica result from infections by the fungal pathogen Zoophthora phytonomi (Arthur) (Berberet and Bisges 1998) . Higher overall mean percentages of parasitism observed in Study II compared with Study I may have resulted, to some extent because population levels of H. postica larvae in farmersÕ Þelds sampled during surveys tended to be lower than on experiment stations in Grady and Payne Counties. This occurred because most Þelds surveyed had been sprayed at least once for control of H. postica larvae. Overall, comparison of percentages for actual and effective parasitism in both studies indicates that encapsulation does not contribute greatly to increased survival of H. postica that are parasitized by B. curculionis.
The regressions of effective parasitism on actual parasitism are highly signiÞcant for both studies, indicating a consistent relationship of these variables within data sets for Þrst and second generations, respectively. Although slopes for the regressions calculated for the Þrst generation in Study I (0.85) and Study II (0.89) are signiÞcantly different, the biological importance of this difference is minimal. The statistically signiÞcant difference (P Ͻ 0.05) resulted primarily because of the large number of samples (degrees of freedom) included in this analysis and not from great differences in numerical values for the slopes. However, the signiÞcant differences between slopes for regressions calculated for Þrst and second generations of B. curculionis may indicate a difference in the extent to which encapsulation reduces effective parasitism for the two generations in both studies. The efÞciency of encapsulation is consistently much lower for the second generation. This observation is consistent with our Þnding of much lower probabilities for encapsulation of both solitary and supernumerary eggs of the second generation in comparison with the Þrst generation of B. curculionis (Table 3 ). The result 
